Hepatitis B virus (HBV) infection plays a crucial role and is a major cause of hepatocellular carcinoma (HCC) in China. microRNAs (miRNAs) have emerged as key players in hepatic steatosis and carcinogenesis. We found that down-regulation of miR-384 expression was a common event in HCC, especially HBV-related HCC. However, the possible function of miR-384 in HBV-related HCC remains unclear. The oncogene pleiotrophin (PTN) was a target of miR-384. HBx inhibited miR-384, increasing PTN expression. The PTN receptor N-syndecan was highly expressed in HCC. PTN induced by HBx acted as a growth factor via N-syndecan on hepatocytes and further promoted cell proliferation, metastasis and lipogenesis. PTN up-regulated sterol regulatory element-binding protein 1c (SREBP-1c) through the N-syndecan/PI3K/Akt/mTORC1 pathway and the expression of lipogenic genes, including fatty acid synthesis (FAS). PTN-mediated de novo lipid synthesis played an important role in HCC proliferation and metastasis. PI3K/AKT and an mTORC1 inhibitor diminished PTN-induced proliferation, metastasis and lipogenesis. Taken together, these data strongly suggest that the dysregulation of miR-384 could play a crucial role in HBV related to HCC, and the target gene of miR-384, PTN, represents a new potential therapeutic target for the prevention of hepatic steatosis and further progression to HCC after chronic HBV infection.
Introduction
HCC is one of the most common human malignancies in China and has a poor prognosis and low survival rate [1] . Thus, it is a very serious health problem. Chronic infection with HBV is a major risk factor for the development of HCC [2] . The mechanism by which HBV induces the events leading to HCC has not been fully elucidated. Hepatitis B virus X protein (HBx), a multifunctional transactivator protein, is considered one of the most important determinants of HBV-induced hepatocarcinogenesis and acts as an oncogene or cofactor [3, 4] .
In addition, abnormal hepatic lipogenesis frequently occurs in chronic HBV-infected patients [5] . In normal tissues, lipids are derived from circulating lipids, while most cancer cells do not use fatty acids (FAs) from the circulation but mainly synthesize lipids de novo [6] . De novo lipogenesis plays an important role in tumour development and is increasingly recognized as an important hallmark of cancer [6] . Highly proliferative tumour cells must synthesize de novo FAs to supply lipid signalling molecules, post-translational protein modifications and membrane building blocks to support rapid cell proliferation and metastasis [7] . However, the mechanisms underlying these phenomena are not fully understood. The increased de novo FAS in cancer cells occurs through multiple mechanisms, most of which involve the abnormal expression of key lipogenic enzymes and miRNAs. miRNAs play an important role in HBV-induced lipid metabolism disorders and HBV-related liver diseases [8, 9] .
Our results showed that miR-384 was down-regulated in HBVrelated HCC, and that the expression of miR-384 was negatively correlated with HBV infection. The low expression level of miR-384 was found to predict a poor prognosis in HCC patients. MiR-384 inhibits cell proliferation, colony formation and metastasis in vitro. We scrutinized the target genes of miR-384 using bioinformatics methods. We found that miR-384 was capable of down-regulating PTN in hepatoma cells by directly binding to its 3 0 UTR. The oncogene PTN is a strong hepatocyte mitogen and is associated with liver regeneration.
Increased PTN expression has been reported in multiple tumour types. PTN expression was significantly higher in tumour samples than in control samples, which was especially evident in HBV-positive tumour tissues, and the inhibition of HBV replication could down-regulate the expression of PTN. PTN could promote proliferation and metastasis in vitro. Increased PTN expression could promote tumour proliferation and angiogenesis in vivo. The PTN receptor N-syndecan was found to be highly expressed in HCC. The expression of N-syndecan was positively correlated with HBV infection. HBV could up-regulate N-syndecan expression. PTN acts as a growth factor via N-syndecan on hepatoma cells to promote cell proliferation, metastasis and lipogenesis. Up-regulation of lipid synthesis in HCC has been identified as a crucial step to overcoming metabolic stress for cancer cell survival and metastasis [10] . However, little is known regarding whether PTN is involved in the lipogenesis of hepatoma cells induced by HBV.
Our results showed that PTN is an important regulator of lipogenesis and can regulate genes encoding proteins associated with de novo lipogenesis in tumour cells. In particular, SREBP-1c, the major transcriptional factor involved in regulating FAS, is an important downstream target of PTN. Our findings demonstrate that PTN promotes de novo lipogenesis of hepatoma cells by upregulating the lipogenic enzymes FAS via the N-syndecan/PI3K/Akt/ mTORC1/SREBP-1c signalling pathway. Proliferation, angiogenesis and de novo lipogenesis in hepatoma cells regulated by PTN are important for the progression of HCC.
In summary, we studied the effects of HBx on hepatocarcinogenesis and hepatoma cell lipogenesis. Taken together, the above findings indicate that dysregulation of miR-384 may play an important role in HBV-induced HCC. HBx inhibits miR-384, which results in PTN overexpression to promote proliferation, metastasis and lipogenesis in hepatoma cells.
Materials and methods

Tissue samples and clinical data
Tissue samples were collected from 80 HCC patients who underwent routine curative surgery, including samples of adjacent non-cancerous liver tissue (not less than 2 cm from the margin of resection, and pathologically confirmed) from January 2007 to December 2012. The median follow-up period was 36.3 months. The tissues were flash frozen in liquid nitrogen or fixed in formalin for histological and immunohistochemical analyses. The tissue samples were used after obtaining informed consent from every patient. The clinicopathological characteristics of all patients are presented in Table 1 . None of the samples had been pre-treated with any chemotherapy or embolization prior to surgery. Twenty normal liver tissue samples were obtained from healthy living transplant donors. Fifty-five (68.75%) patients had died, including 16 who died from liver failure, gastrointestinal bleeding and bacterial infection and 39 who died due to tumour recurrence. The protocol was approved by the Human Ethics Committee at the First Affiliated Hospital of Xi'an Jiaotong University. All participants provided informed consent prior to their inclusion in the study. The ages and genders of the patients, as well as information regarding tumour stage, tumour differentiation and histopathological factors, were collected from the patient medical records at the First Affiliated Hospital of Xi'an Jiaotong University.
Collection of blood samples
We collected blood samples from 15 healthy volunteers, 25 patients with HBV-related hepatitis, 17 patients with HBV-related cirrhosis, 20 patients with HBV-related HCC and 11 patients with non-HBV-related HCC. Twenty patients with HBV-related HCC received entecavir for antiviral treatment. When their levels of hepatitis B DNA were less than 1.0 e + 003 IU/ml, new blood samples were collected.
We collected 17 blood samples from HCC patients who were treated with transcatheter hepatic arterial chemoembolization (TACE) pre-operatively and post-operatively for 2, 14 and 28 days.
Five millilitres of blood (non-anticoagulated) was collected from patients who had fasted the previous night. These blood samples were allowed to stand for 30 min. and were then centrifuged at 4°C and 2683 g for 5 min. Fresh serum was separated and stored at À80°C; hemolysed cells and the buffy coat were discarded.
Vector construction and transfection
Stable cell transfection to up-regulate PTN and HBx expression was performed as previously described. Briefly, PTN (NM_002825.5) and HBx (AY839630.1) were inserted into the pcDNA3.1 (+) mammalian expression vector (Invitrogen, Carlsbad, CA, USA). A PTN shRNA plasmid (psi-HIV-U6-shRNA) and scrambled non-target negative control were obtained from the OmicsLink TM shRNA Expression Clone Datasheet of GeneCopoeia, Inc. Cells were seeded in DMEM containing 10% foetal bovine serum (Gibco, Carlsbad, CA, USA). Twenty-four hours later, the cells were transfected with Transfast TM Transfection Reagent (Promega, Madison, WI, USA), according to the manufacturer's instructions. The pcDNA3.1 (+) expression vector and the scrambled non-target shRNA plasmid were used as negative controls.
A lentiviral packaging kit was purchased from Open Biosystems (Huntsville, AL, USA). Lentiviruses carrying miR-384 or a miR-negative control (miR-NC) were packaged according to the manufacturer's instructions. 
PTN ELISA
The samples were analysed by ELISA as previously described. Briefly, patient serum samples were incubated overnight at 4°C in 96-well microtitre plates. The plates were washed three times with PBS and blocked with PBS containing 0.1% Tween-20 (PBST) supplemented with 1% bovine serum albumin at room temperature for 2 hrs. The plates were then incubated with 100-ll/well biotinylated anti-PTN at 4°C overnight, washed three times with PBST, incubated with 100 ll of alkaline phosphatase-conjugated streptavidin (AnaSpec, Fremont, CA, USA) at room temperature for 1 hr (200 mg/ml, 1:200) and washed four times with PBST. The results were analysed using the mQuant microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) at 450 nm, and the concentrations were calculated using microplate reader software (BioTek Instruments, Inc.).
Immunohistochemical staining
Immunohistochemistry was performed using 5-lm-thick serial sections derived from formaldehyde-fixed, paraffin wax-embedded tumour tissue blocks. After deparaffinization and rehydration, endogenous peroxidase activity was inactivated with 0.3% H 2 O 2 in methanol for 30 min., and endogenous biotin was blocked with a biotin blocking kit (Vector Laboratories, Burlingame, CA, USA), according to the manufacturer's instructions. All staining steps were completed at room temperature, and the samples were washed with PBS between steps. Sections were dewaxed in three different concentrations of xylene for 5 min. and heated in a microwave to 98°C for 15 min. in citric acid buffer (pH 6.0). These sections were then incubated overnight at 4°C in a humidified chamber with goat polyclonal anti-PTN antibodies [Santa Cruz (sc-1394) goat polyclonal antibody]. Biotinylated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were applied for an additional hour following removal of the primary antibodies. Staining was performed with an avidin-biotinylated horseradish peroxidase complex and diaminobenzidine (Santa Cruz Biotechnology), according to the manufacturer's directions. The primary antibody was replaced with either PBS or normal serum from the same species, which served as a negative control. The supernatant from the reaction mixture did not show any immunoreactivity in the liver tissues when used for immunohistochemistry, supporting the reliability and validity of the antibody for the immunohistochemical analysis performed in this study. Scoring criteria: samples were considered negative if less than 5% of cells were stained with PTN; weak-positive (AE) with 5-25% staining; positive (+) with 25-50% staining; strongly positive (+ +) with positive cytoplasmic staining of more than 50% of cells.
RNA isolation and endogenous miR-384 expression assay
RNA isolation and RT-PCR were performed as previously described. Total RNA, including total miRNA, was isolated from the cultured cell lines and tissue samples using a Qiazol and miRNeasy Mini Kit (Qiagen, Germantown, MD, USA), according to the manufacturer's instructions. The final volume of RNA (total RNA containing microRNA), which was stored at À80°C, was 50 ll. The RNA purity and integrity were analysed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). The cDNAs were synthesized using a PrimeScript TM 1st Strand cDNA Synthesis Kit (Invitrogen). The relative amount of mRNA was determined with gene-specific primers. All steps were performed according to the manufacturer's protocol. The primers were as follows: PTN (NM_002825. 0 -CTCACCATGGATGATGATATCGC-3 0 (forward) and 5 0 -AGGAATCCTTCTGACCCATGC-3 0 (reverse). The expression levels of miR-384 in serum and tissues were quantified with an miScript SYBR Green PCR Kit (Qiagen) using a miRNA-specific forward primer and a universal poly(T) adaptor reverse primer, according to the manufacturer's instructions. All reactions were performed in duplicate. The relative amount of miR-384 was normalized to the amount of U6. The level of miRNA expression was measured using the 2 ÀDDeltaCt method.
miRNA target prediction and assay
Using four computer algorithms, including TargetScan, miRanda, PicTar and miRGen, we identified PTN as a possible miR-384 target. The sites were predicted based on the base-pairings of seed-sequence matches.
To construct reporter plasmids containing wild-type or mutant miR-384 target sites for human PTN 3 0 UTR segments, oligonucleotide pairs containing the desired miR-384 target region and restriction enzymes sites were annealed and ligated into the pMIR-REPORT TM miRNA Expression Reporter Vector (Ambion, Grand Island NY, USA). The mutated putative miR-384 binding site in the PTN 3 0 UTR was generated using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) according to the manufacturer's protocol. These cells were plated in 12-well plates (3 9 10 4 cells/well). Twenty-four hours later, the pMIR-PTN-3 0 -UTR construct (200 ng) and the b-gal expression vector pMIR- 
Western blot analysis
Total soluble proteins (100 lg) extracted from the samples were resolved on 10% sodium dodecyl sulphate-polyacrylamide gels and transferred electrophoretically to a polyvinylidene fluoride membrane. The blots were blocked with 5% skim milk, followed by incubation with antibodies specific for PTN (C-19) 
Cell proliferation, colony formation assay and cell invasion assay
To measure the effect of miR-384 and PTN on cell proliferation, cells were seeded in 96-well plates in triplicate at densities of 1 9 10 3 per well. The plates were harvested for measurement at the indicated time points, and cell proliferation was assessed by the MTT assay using an assay kit (CellTiter 96 AQueous; Promega) according to the manufacturer's protocol. In brief, the MTT assay was performed by the addition of 10 ll MTT (10 mg/ml) for 4 hrs. Light absorbance of the solution was measured at 490 nm using a microtiter plate reader (Molecular Devices, Sunnyvale, CA, USA).
To assess the effect of miR-384 and PTN on cell colony formation, a total of 1.0 9 10 5 transfected and control cells were resuspended and seeded into a 6-cm dish and maintained in DMEM containing 10% FBS for 2 weeks. The colonies were fixed with methanol and stained with 0.1% crystal violet for 15 min., and then they were counted using a light microscope (Olympus, Tokyo, Japan).
The cells were examined for their invasive ability in vitro in BD BioCoat Matrigel chambers (Transwell; BD Biosciences, San Jose, CA, USA). Briefly, Huh-7-miR-384, Huh-7-anti-miR-384 cells, Huh-7-PTN and NC were seeded into the top chamber with a Matrigel-coated filter and 750 ll of DMEM containing 5% foetal bovine serum as a chemoattractant. After incubation for 24 hrs at 37°C, non-invading cells on the upper surface of the filter were removed with cotton swabs, and invading cells on the lower membrane surface were fixed and then stained with 5% crystal violet (Sigma-Aldrich). The number of cells that had invaded through the Matrigel was normalized to those that traversed the non-Matrigel to obtain an index of relative per cent invasion, indicating the ability of tumour cells to invade in vitro. Cells were counted in five fields for triplicate membranes at 109 magnification. Each condition was assayed in triplicate wells. The cells were imaged by phase-contrast microscopy (Leica Microsystems, Bannockburn, IL, USA).
For the wound-healing assays, the cells were plated in a 12-well plate and cultured at 37°C for 24 hrs. Wounds were created in monolayers of cells using a 10-ll pipette tip. The cells were washed to remove cellular debris and incubated in DMEM without FBS at 37°C. Images were obtained at different time points following wounding. The wound area was measured, and the percentage of wound healing was calculated using ImageJ software (NIH, Bethesda, MD, USA). 
In vivo assays for tumour growth
Oil Red O staining
Oil Red O (Sigma-Aldrich) stock solution was prepared in isopropanol (0.5 g/100 ml) and heated to 100°C for 10 min. The cells were fixed with 4% paraformaldehyde for 30 min. and washed with PBS. After being washed with distilled water and 60% isopropanol, the cells were stained for 30 min. at room temperature with freshly prepared Oil Red O solution (0.2% Oil Red O in 60% isopropanol). These cells were then washed with PBS until their background became clear and were photographed. Oil Red O was eluted with 100% isopropanol and quantified by measuring the optical absorbance at 520 nm.
Quantification of fatty acids
The cells were plated in 60-mm culture dishes and cultured in DMEM containing 10% foetal bovine serum (Gibco) (pH 7.4) at 37°C in a humidified atmosphere with 5% CO 2 . The culture medium was changed every 2-3 days. Cell culture medium was replaced with DMEM without serum for 24 hrs. The cells were washed twice with cold PBS, lysed in PBS containing 1% Triton X-100 for 30 min. at 4°C, and centrifuged at 10,000 9 g for 10 min. at 4°C. Intracellular FA accumulation was evaluated after cell lysis. The triglyceride levels were measured using a Free Fatty Acid Quantification Kit (ab65341; Abcam, Cambridge, MA, USA) according to the manufacturer's instructions.
Statistical analysis
The results are representative of three independent experiments and were analysed using SPSS, version 18.0 software (SPSS, Chicago, IL, USA) and GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). Statistical significance was defined as P < 0.05.
Results
MiR-384 is down-regulated in HCC tissues
We observed a down-regulation of miR-384 expression in tumour tissue compared with non-tumour tissue and normal liver tissue (P < 0.05; Fig. 1A ). The expression of miR-384 was decreased in 63.75% (51/80) HCC tissue samples compared with their adjacent normal controls (Fig. 1B) . Interestingly, HBV-infected HCC patients showed lower expression levels of miR-384 than HBV negativeinfected HCC patients (Fig. 1C) , and the expression of miR-384 was lower in patients with TNM III and IV than TNM I and II (Fig. 1D) . As shown in Table 1 , the decreased level of miR-384 was significantly correlated with HBV infection, adjacent organ invasion, microscopic vascular invasion and advanced TNM tumour stage (P < 0.05). These results suggested that miR-384 was down-regulated in HBVrelated HCC, and that the expression of miR-384 was negatively correlated with HBV infection. The aberrant expression of miR-384 was correlated with poor clinical features of HCC patients. Thus, miR-384 may function as a tumour suppressor.
Low expression levels of miR-384 resulted in a poor prognosis in HCC patients
A follow-up was conducted to estimate the overall survival rate of HCC patients. Among the HCC patients, 51 were in the low miR-384 expression group, and the rest were in the high miR-384 expression group. Kaplan-Meier analysis showed that HCC patients with high levels of miR-384 expression presented significantly longer survival times than those with low miR-384 expression (v 2 = 4.979, P = 0.026; Fig. 1E ).
HBx inhibits miR-384 expression and upregulates PTN expression
We cocultured HepG2.2.15 cells with LX-2 and Huh-7 cells or transfected HBx into LX-2 and Huh-7 cells. The results showed that miR-384 expression was down-regulated in HBV-infected and HBx-transfected compared with control cells (Fig. 1F) , and that the expression of PTN was up-regulated in HBV-infected and HBx-transfected compared with control cells (Fig. 2A) . Our results indicated that the expression levels of PTN were higher in cells treated with low HBV particle concentrations (1.0 9 10 3 copies/ml) than in cells treated with high HBV particle concentrations (1.0 9 10 5 copies/ml) ( Fig. 2A) . The expression of PTN was up-regulated in HBV-infected cells compared with control cells. The expression of PTN was downregulated in HBV-infected Huh-7-miR-384 cells compared with HBVinfected Huh-7 cells (Fig. 2B ). This finding suggested that HBV inhibited miR-384 expression and up-regulated PTN expression.
PTN is a direct target of miR-384
To determine whether PTN expression is regulated by miR-384, we constructed luciferase reporter genes with PTN 3 0 UTRs with or without mutations in the miR-384 binding regions and tested their expression after they were cotransfected into Huh-7 cells with either miR-384 mimics or miR-NCs (Fig. 2C) . Compared with the control, a decrease in relative luciferase activity was noted when the PTN 3 0 UTR was cotransfected with miR-384. However, the miR-384 mimic did not affect luciferase activity in the mutant construct; thus, there was no significant difference in luciferase activity between the mutant and the control (Fig. 2D) . Furthermore, up-regulation of miR-384 resulted in a significant decrease in PTN expression in Huh-7 cells (Fig. 2E) . These data indicate that miR-384 directly modulated PTN expression by binding to the 3 0 UTR.
PTN expression was up-regulated in human HCC tissue and serum and was inversely correlated with miR-384 expression
We examined the expression levels of PTN in HCC specimens and serum samples via IHC, Western blot and ELISA. As shown in Figure 3A and B, the expression of PTN was significantly higher in HCC tissues than in matched non-neoplastic tissues and normal tissues. The IHC results showed that PTN was expressed in HSCs, hepatocytes and hepatoma cells, PTN protein in HCC was localized in the cytoplasm, and the expression of PTN was elevated in some patients with steatosis (Fig. 3A) . Statistical analysis showed that increased expression of PTN was correlated with HBV infection, cirrhosis, adjacent organ invasion, microscopic vascular invasion and advanced TNM stage (P < 0.05; summarized in Table 1 Table 2 ). We measured serum PTN levels in 15 healthy volunteers, 25 patients with HBV-related hepatitis, 17 patients with HBV-related cirrhosis, 20 patients with HBV-related HCC and 11 patients with non-HBV-related HCC (Fig. 4A ). The median serum PTN level in the 15 healthy volunteers was 267.65 pg/ml (mean = 267.65 AE 107.20 pg/ml). The median serum PTN level in the 25 patients with HBV-related hepatitis was 981.29 pg/ml (mean = 981.29 AE 261.82 pg/ml). The median serum PTN level in the 17 patients with HBV-related cirrhosis was 1294.20 pg/ml (mean = 1294.20 AE 180.57 pg/ml). The median serum PTN level in the 20 patients with HBV-related HCC was 1173.66 pg/ml (mean = 1173.66 AE 209.57 pg/ml). The median serum PTN level in the 11 patients with non-HBV-related HCC was 1008.52 pg/ml (mean = 1008.52 AE 205.17 pg/ ml). The median serum PTN level in the 20 patients with HBV-related HCC who were treated with entecavir was 1036.65 pg/ml (mean = 1036.65 AE 174.21 pg/ml). These results showed that PTN expression was higher in HCC tissues than in healthy volunteers, and it gradually increased with the transition from hepatitis to cirrhosis (Fig. 4A ) and slightly declined from liver cirrhosis to HCC. The serum PTN level was highest in patients with HBV-related cirrhosis (Fig. 4A) . The results further suggest that PTN plays an important role in the evolutionary processes from hepatitis, liver cirrhosis to HCC caused by HBV, particularly the transition from liver cirrhosis to HCC. Inhibition of HBV replication could down-regulate the expression of PTN (Fig. 4B) . This finding suggests that HBV may affect the expression level of PTN. However, the specific mechanism remains unknown.
Blood samples were collected pre-operatively and post-operatively at 2, 14and 28 days from 17 HCC patients treated with TACE. The results showed that the serum PTN levels were slightly elevated at 2 days post-operatively in the blood compared with the pre-operative blood samples (P > 0.05), but a gradual decline was observed in the 14 and 28-day post-operative blood samples. The study found that reduced serum PTN levels were closely related to the treatment effect of TACE. A subsequent rise in PTN serum levels would suggest residual tumour recurrence (Fig. 4C) .
We also detected miR-384 serum levels in the 15 healthy volunteers, 25 HBV-related hepatitis patients, 17 HBV-related cirrhosis patients, 20 HBV-related HCC patients and 11 non-HBV-infected HCC patients (Fig. 4D) . Serum miR-384 levels were highest in the healthy volunteers and lowest in the HBV-related HCC patients. miR-384 serum levels were up-regulated in response to the inhibition of HBV replication (Fig. 4E) .
The correlation between miR-384 serum levels and PTN serum levels in HCC patients and healthy persons revealed a significant negative correlation between miR-384 and PTN (r = À0.6435, P < 0.0001; Fig. 4F ).
Kaplan-Meier analysis showed that HCC patients with high PTN expression levels presented a significantly shorter survival time than those with low PTN expression (v 2 = 6.887, P = 0.009; Fig. 5A , P < 0.05).
LX-2 transfected with HBx stimulates hepatocyte growth through PTN expression
LX-2 cells were transfected with HBx and cocultured with HepG2, and the proliferation of HepG2 cells was detected by MTT. Comparative analysis of PTN levels in the supernatant of LX-2-HBx and control cells by ELISA revealed higher PTN levels in LX-2-HBx compared with control cells (Fig. 5B and C) . PTN enhanced the proliferation of HepG2 in coculture (Fig. 5D ).
The PTN receptor N-syndecan is highly expressed in HCC tissues N-syndecan, PTPf and ALK are known as PTN receptors, regardless of whether their expression is correlated to PTN. We found that N-syndecan was highly expressed in HCC tissues (Fig. 5E ). HBVinfected HCC patients showed higher expression levels of N-syndecan than in HBV-negative HCC patients (Fig. 5F ). The expression of Nsyndecan in HepG2 and Huh-7 was higher than that in LO2 normal hepatocytes, and the expression of N-syndecan was up-regulated in HBV-infected cells and HBx-transfected cells compared with control cells (Fig. 5G) . Furthermore, antibody-induced inhibition of N-syndecan could impede Huh-7 proliferation induced by PTN (Fig. 5H ). This correlation supports the conclusion that N-syndecan functions as a PTN receptor in hepatocytes. Considering these results together, PTN acted as a growth factor via N-syndecan on hepatocytes, further promoting cell proliferation, metastasis and lipogenesis.
MiR-384 and PTN affect cell proliferation, colony formation, invasion and metastasis in vitro
The roles of miR-384 and PTN in the formation of cell colonies were investigated by soft-agar colony formation assays. We found that miR-384 could inhibit the colony formation ability of Huh-7 cells compared with the controls. Anti-miR-384 and PTN increased the colony formation ability of Huh-7 cells (Fig. 6A) . Transwell assays were performed to explore the effects of miR-384 and PTN on HCC cell invasion. The results indicated that overexpression of miR-384 could inhibit the invasion of Huh-7 cells and that anti-miR-384 and PTN could promote the invasion potential of Huh-7 cells in vitro (Fig. 6A) .
For the wound-healing assays, miR-384 could inhibit the metastasis ability of Huh-7 cells compared with the controls. Anti-miR-384 and PTN increased the metastasis ability of Huh-7 cells compared with the controls (Fig. 6B) .
MTT assays were performed to assess the role of miR-384 in HCC cell proliferation. The cell growth curve clearly showed decreased proliferation in Huh-7-miR-384 compared with Huh-7-NC cells. Huh-7-anti-miR-384 showed increased proliferation compared with Huh-7-NC cells (Fig. 6C) .
MiR-384 and PTN affect tumour growth and angiogenesis in nude mice
To confirm the in vitro phenotype of miR-384 and PTN, we examined the effect of miR-384 and PTN in a nude mouse tumour model. Consistent with the results obtained in vitro, the tumour volume and tumour weight in the PTN overexpression group were significantly greater than those in the control group ( Figs 6D, 7A and B) . However, the tumour volume and tumour weight in the miR-384 overexpression group were less than those in the control group ( Figs 6D, 7A and B).
Immunohistochemical staining with CD34 antibody was conducted to analyse the microvessel density in tumour nodules of miR-384, PTN and control groups, and these microvessels (at 209) were counted in five random microscopic fields to assess the tumour nodules in every group. The mean AE S.D. microvessel density was 3.35 AE 1.77 in tissues expressing miR-384, 5.64 AE 2.14 in tissues in the control group and 11.69 AE 3.38 in tissues expressing PTN. The microvessel density was significantly increased in tumour nodules expressing high levels of PTN compared with miR-384 and control group tumour nodules (P < 0.05; Fig. 7C) (Table 3) .
PTN promotes hepatoma cell lipogenesis
Analysis of the immunohistochemical results revealed that the expression of PTN was increased in some patients with steatosis (Fig. 3A) . This finding revealed whether PTN was related to abnormal lipid metabolism in hepatoma cells. We aimed to determine the role of PTN in hepatoma cell lipogenesis. Because a high sugar content could promote cell lipogenesis, the cells that were transfected with PTN induced in 25 mM glucose (high glucose; HG) were stained with Oil Red O, and the results showed that lipogenesis induced by HG was much higher in HepG2-PTN than in HepG2-NC. The lipogenesis induced by HG in HepG2-PTN was inhibited by LY294002 and rapamycin ( Fig. 7D and E) . The intracellular free FA levels in PTN-transfected cells were higher than those in control cells, Down-regulation of PTN expression weakened HG-induced lipogenesis (Fig. 7F) .
PTN promotes proliferation, metastasis and lipogenesis through activation of the PI3K/AKT/ mTORC1 pathway
To identify which of the many signalling pathways downstream of PTN regulates lipogenesis, HepG2-PTN cells were treated with 10 lm LY294002 (PI3K/AKT inhibitor) or 50 nm rapamycin (mTORC1 inhibitor). The proliferation and metastasis induced by PTN were inhibited by LY294002 and rapamycin ( Fig. 8A and B) . PTN increased the expression of SREBP-1c in HepG2-PTN cells compared with control cells. The expression level of FAS, which was identified as the target gene of SREBP-1c, was also significantly increased in PTN-transfected hepatoma cells compared with control cells (Fig. 8C) . PTN also increased the phosphorylation of AKT and mTORC1 in HepG2-PTN cells compared with control cells (Fig. 8D) . However, the expression levels of SREBP-1c and FAS induced by PTN were inhibited by LY294002 and rapamycin (Fig. 8C and D) . These results suggested that PTN could up-regulate the expression of SREBP-1c and FAS through activation of the PI3K/AKT/mTORC1 pathway.
High glucose may promote lipogenesis in hepatocytes through the AP-1/PTN/PI3K/Akt/ mTORC1 pathway. miR-384 could inhibit high glucose-induced lipogenesis in hepatocytes
Our results showed that HG-induced activation of the AP-1 pathway could increase the expression of PTN in hepatocytes. The AP-1 inhibitor, SP600125, suppressed HG-induced PTN expression by inhibiting the AP-1-mediated pathway (Fig. 9A) . This finding supported an important role of the AP-1/PTN pathway in the regulation of de novo lipogenesis induced by HG. HG triggered Akt phosphorylation and activated downstream mTORC1, leading to increased triglyceride levels and an up-regulation of the expression of lipogenic genes such as SREBP1c and FAS (Fig. 9B) . Therefore, we used HG-treated hepatocytes as control cells. Our results showed that the expression of PTN, SREBP1c and FAS, and the levels of AKT and mTORC1 phosphorylation, was decreased in HG-induced hepatocytes treated with miR-384 compared with control cells. This result verified that miR-384, as an upstream molecule of PTN with the ability to influence lipid metabolic pathways, functions to inhibit the synthesis of lipids (Fig. 9B) .
Discussion
HBV infection has been identified as a risk factor for HCC. The available experimental evidence suggests that HBV has multifunctional activity that plays a key role in the regulation of liver cell proliferation, metastasis and lipid metabolic abnormalities [5, 11, 12] . Although the exact molecular mechanisms are not clear, numerous studies have suggested that HBx plays a pivotal role in HBV-induced liver pathogenesis by altering the expression of miRNAs that are associated with hepatic steatosis, fibrosis and malignant transformation [13, 14] . The dysregulation of miRNA expression is also associated with abnormal FAS and metabolism [15, 16] . However, the roles of miRNAs in HCC proliferation, metastasis and lipid metabolic abnormalities remain largely unknown. In this study, we observed a down-regulation of miR-384 expression in HCC tissues compared with non-tumourous tissues.
However, research investigating the functions of miR-384 in tumours is very scarce, necessitating further investigations. Ding and colleagues showed that miR-384 was down-regulated in human colorectal cancer [17] . Xu and colleagues showed that miR-384 was significantly down-regulated in HCC. Their studies showed that insulin receptor substrate 1 (IRS1) was identified as a direct and functional target of miR-384. miR-384 decreased IRS1 expression, subsequently down-regulating cyclin D1 and up-regulating p21 and p-Rb expression to suppress cellular proliferation in HCC [18] . In the present study, HBV-infected HCC patients showed lower expression levels of miR-384 compared with HBV-negative HCC patients. The expression of miR-384 was negatively correlated with HBV infection. Further studies showed that the decreased level of miR-384 was significantly correlated with HBV infection, adjacent organ invasion, microscopic vascular invasion and advanced TNM tumour stage. The low expression of miR-384 was correlated with poor clinical features of HCC patients. The data from this study suggested that miR-384 acted as a tumour suppressor in HCC and that the down-regulation of miR-384 contributed to metastasis and tumour progression in HCC patients.
To further understand the possible function of miR-384 in HBVrelated HCC, we identified PTN as a potential miR-384 target gene. There was an inverse correlation between PTN and miR-384 expression in HCC patients. Overexpression of PTN increased cellular proliferation and metastasis. Overexpression of PTN abrogated miR-384 induced cell growth and invasion inhibition. As an oncogene, PTN is overexpressed in a number of human cancers, and its overexpression contributes to malignant transformation by regulating the expression of a number of genes that participate in multiple aspects of tumorigenesis, such as angiogenesis, cell cycle progression, cell invasion, migration, metastasis and angiogenesis [19] [20] [21] [22] . PTN is also a strong mitogen of hepatocytes and is involved in liver regeneration [23] [24] [25] . The IHC results showed that PTN was expressed in HSCs, hepatocytes and hepatoma cells. PTN expression was up-regulated in HCC tissues compared with adjacent non-tumour tissues, and HBx could regulate PTN expression by inhibiting miR-384. The statistical analysis showed that increased expression of PTN was correlated with HBV infection, cirrhosis, adjacent organ invasion, microscopic vascular invasion and advanced TNM stage. Our results suggest that PTN plays an important role in the evolutionary processes from hepatitis, liver cirrhosis to HCC caused by HBV, particularly in the transition from liver cirrhosis to HCC.
In the present study, we found a negative correlation between PTN and miR-384. Because PTN and miR-384 can be detected in the serum, they may be used in clinical applications as indicators in hepatocarcinoma screening, relapse and prognosis. However, there are overlaps in serum levels of PTN and miR-384 between normal persons and tumour patients. When the two indicators are applied, false-positive and false-negative cases may be encountered. However, a comprehensive analysis of PTN and miR-384 may be a better indicator in hepatocarcinoma screening, relapse and prognosis.
In HSC cultures, PTN transcription was significantly increased in response to HBx, and PTN enhanced the growth of hepatocytes in coculture. This finding suggested that HSCs in HBV infection stimulate the growth of hepatocytes through PTN expression. Each N-syndecan, RPTPb/f and ALK has been reported to function as a PTN receptor, regardless of whether the expression is correlated with that PTN [20, 21, 26] . Asahina and colleagues [27] showed transient but marked increased expression of N-syndecan during the initial phase of D-galactosamine (GalN) treatment. This stimulation pattern correlated well with that of PTN mRNA. However, it should be noted that the expression of RPTPb/f was extremely low compared with that of N-syndecan in the liver. ALK mRNA was not detectable in any of these liver regeneration models. Therefore, Yoshizato [27] assumed that ALK does not act as the PTN receptor, at least in the liver. However, the present findings demonstrated that hepatocytes in culture spontaneously largely increase the expression of N-syndecan mRNA. Thus, it is suggested that PTN/N-syndecan signalling functions in cultured hepatocytes and stimulates their growth. This correlation supports the function of N-syndecan as a PTN receptor in hepatocytes. Based on the experimental results of Yoshizato [27] , as a PTN receptor, N-syndecan plays an important role in liver regeneration. We speculate that N-syndecan may play the same important role in HCC.
N-syndecan is a cell surface heparan sulphate proteoglycan. Membrane-bound heparan sulphate proteoglycans act as coreceptors for cytokines and are involved in proliferation or cell-cell adhesion [28] . Previous studies have found that N-syndecan levels are increased in bladder cancer tissues [29] . The high expression level of PTN combined with N-syndecan may contribute to the increased perineural invasion and poor prognosis of pancreatic cancer [30] . N-syndecan is also known to regulate the energy balance. In particular, N-syndecan has been implicated in the modulation of lipogenesis and promotion of FAS [28, 31] . We observed high expression levels of N-syndecan in HCC. The expression of N-syndecan was positively correlated with HBV infection. HBV could up-regulate N-syndecan expression, suggesting that the high expression level of N-syndecan in HBV-related HCC may be related to carcinogenesis and hepatocellular steatosis induced by HBV. Additionally, inhibition of N-syndecan could impede hepatocyte proliferation induced by PTN. Considering these results together, PTN acts as a growth factor via N-syndecan on hepatocytes to promote cell proliferation, metastasis and lipogenesis.
We focused our study on the effect of miR-384 and PTN for the modulation of hepatoma cell proliferation and metastasis. The up-regulation of PTN expression could promote hepatoma cell proliferation and metastasis. In addition, an enhanced tumour volume and density of tumour blood vessels were observed in PTN-transfected tumour models relative to controls in vivo. The activation of N-syndecan/ PI3K/AKT/mTORC1 pathways was regulated by PTN in HCC, which was considered the key mechanism underlying the hepatoma cell proliferative and migratory capacity induced by HBx.
The immunohistochemical results showed that the expression of PTN was increased in some patients with steatosis, suggesting that PTN was related to abnormal lipid metabolism in hepatoma cells. We found that HBx-induced lipogenesis and expression of SREBP-1c were largely reduced when the expression of PTN was repressed by RNA interference. The expression of FAS, the target gene of SREBP1c, was also decreased; however, the effect of this PTN on the expression of SREBP-1c requires further study. The results showed that PTN could increase the phosphorylation of AKT and mTORC1, and the expression of SREBP-1c and FAS induced by PTN was downregulated by LY294002 and rapamycin. This finding suggested that, through the N-syndecan/PI3K/Akt/mTORC1 pathway, PTN could promote the expression of the SREBP-1c gene, further facilitating de novo lipogenesis by up-regulating the lipogenic enzyme FAS. Up-regulation of FAS, the key metabolic multi-enzyme responsible for the terminal catalytic step in FAS [32] , represents a phenotypic alteration in many human malignancies including HCC [33] .
Recent evidence [34] [35] [36] has shown that treatment with 25 mM glucose HG increases cellular de novo lipogenesis compared with normal 5.5 mM glucose. HG triggered Akt phosphorylation and activated downstream mTORC1, leading to increased triglyceride levels and up-regulation of the expression of lipogenic genes such as SREBP1c, FAS and ACC. HG treatment also stimulated lipid accumulation and the triglyceride contents in hepatocytes. In addition, HG could induce the phosphorylation of Akt and mTORC1 in a timedependent manner. Pre-treatment with LY294002 and rapamycin blocked HG-induced de novo lipogenesis and lipogenic gene expression. The above results revealed that HG could activate the PI3K/Akt/ mTOR pathway to mediate HG-induced lipogenesis in hepatocytes.
Some evidence [37, 38] has demonstrated HG-induced transcriptional activity of activator protein-1 (AP-1). In the distal 5 0 -region of the PTN promoter, two binding sites for the transcription factor AP-1 were found [39] [40] [41] [42] , and the two AP-1 binding sites of the PTN promoter are involved in the HG-induced stimulation of its expression. Our result showed that HG-induced activation of the AP-1 pathway can increase the expression of PTN in hepatocytes. The AP-1 inhibitor, SP600125, suppresses HG-induced PTN expression by inhibiting the AP-1-mediated pathway, which suggested an important role for the AP-1/PTN pathways in the regulation of de novo lipogenesis induced by HG.
Some researches [43] [44] [45] [46] have shown that chronic viral infections, such as HBV, may decrease the tissue response to insulin, thereby causing insulin resistance. This phenomenon leads to abnormal blood glucose metabolism in liver tissue, suggesting that hyperglycaemia may promote the lipogenesis of hepatocytes through the AP-1/PTN/N-syndecan/PI3K/Akt/mTORC1 pathway.
In general, human cancer cells exhibit high levels of lipogenesis because lipogenesis is essential for them to obtain sufficient lipids for energy production and membrane biogenesis; accelerated FAS is important for cellular proliferation and metastasis [47] [48] [49] [50] . The above results showed that PTN was an important lipid regulatory gene and promoted the synthesis of FAs.
However, Gu and Yi [51, 52] showed that PTN could inhibit pre-adipocyte 3T3-L1 differentiation via the b-catenin pathway, which is inconsistent with our results. The reason for the opposite results for hepatoma cells compared with pre-adipocytes regulated by PTN in lipid metabolism remains unknown, but many studies have detected differences in energy metabolism between tumour cells and normal cells. However, specific factors are not clear. Together with published results, mutations and abnormal activity of b-catenin are most commonly observed in HCC [53, 54] . Wnt/bcatenin plays an important role in mediating the repression of preadipocyte differentiation [55, 56] . We hypothesized that the differing roles of PTN in lipid metabolism resulted from differences in b-catenin between tumour cells and normal cells. It has been suggested that other lipid regulatory pathways may be more important in hepatoma cells. Our results revealed that the HBx/miR-384/PTN/ N-syndecan/PI3K/Akt/mTORC1/SREBP-1c/FAS pathway plays an important role in HBx-induced hepatic lipogenesis. However, further experiments might be necessary to identify the molecular In conclusion, this study confirmed that the loss of miR-384 was a common event in HCC, especially in HBV-related HCC. We further provided evidence for a role of miR-384, a microRNA with potential tumour suppressor activity, in the negative regulation of the expression of PTN, an important trophic factor in cell proliferation that is considered to facilitate the progression of HCC and promote the metastasis of cells. Our results showed that PTN functions through the PI3K/Akt/mTORC1 pathway to regulate SREBP-1c and FAS expression to promote lipogenesis. Another study showed that the PTN receptor N-syndecan is highly expressed in HCC. The expression of N-syndecan was positively correlated with HBV infection. HBV could up-regulate N-syndecan expression. PTN acts as a growth factor via N-syndecan on hepatocytes to promote cellular proliferation, metastasis and lipogenesis. Therefore, our study provides important information that improves our understanding of the mechanisms underlying HBV-mediated steatosis, cirrhosis and the development of HCC. PTN may thus represent a new potential therapeutic target for the prevention of hepatic steatosis and further progression to HCC after chronic HBV infection.
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